Introduction
============

Influenza vaccination has been used for many years to prevent influenza and its complications. Although influenza affects people of all ages, in the past, vaccination was mainly targeted toward the elderly or younger adults and children with underlying medical disorders. Following recognition of the substantial burden of influenza disease in the pediatric population and the importance of young children for transmission,[@R1]^-^[@R5] there has been a shift in focus toward universal vaccination of healthy children. In the US, seasonal influenza vaccination is recommended for all children aged 6 months to 18 years and in Canada for children aged 6--23 months, whereas vaccination of healthy children is currently recommended in only a few European countries.[@R6]^-^[@R9]

To achieve adequate antibody titers in children aged 6 months to 8 years who are vaccine-naïve (un-primed), first time vaccination should comprise two doses of TIV given about a month apart.[@R6] In children aged \>3 years, the recommended dose per TIV injection is 0.5 ml (the adult dose), yet dosing in children aged 6--35 months varies, with some countries such as Canada, the UK and Finland recommending the full 'adult' dose, and others, including the US, recommending a half 'pediatric' dose of 0.25 ml per injection.[@R6]^,^[@R8]^,^[@R10]^,^[@R11] The rationale for using 0.25 ml rather than 0.5 ml is based on concerns about increased reactogenicity with the higher dose, according to historic studies of whole cell vaccines.[@R12] More recent studies however have shown that TIV doses of 0.5 ml may improve immune responses in very young children compared with the 0.25 ml dose without increasing reactogenicity.[@R13]^,^[@R14]

This study evaluated the use of the trivalent inactivated influenza vaccine (TIV) *Fluarix™* in children aged 6--35 months, the age range with the highest incidence of influenza.[@R2] *Fluarix™* has been manufactured in Germany since 1987 and since 1992 has been licensed in over 100 countries including indications for children over 6 months of age. In the US, *Fluarix™* was licensed for adults in 2005 and for children from 3 years of age in 2009.[@R15]^,^[@R16] The aim of the study was to assess the immunogenicity of *Fluarix™* at two different dose levels in relation to an established control vaccine *Fluzone*®, which is licensed in the US for use in children from 6 mo of age. Previously, *Fluarix™* was shown to be as immunogenic as *Fluzone*® in adults and in children over 3 y of age.[@R17]^,^[@R18] *Fluarix™* was however less immunogenic than *Fluzone*® in children aged ≤ 3 y old.[@R17] The current study therefore focused on children aged ≤ 3 y old and evaluated *Fluarix™* at both the standard recommended TIV dose for young children in the US (0.25 ml) and also at double this dose (0.5 ml).

Results
=======

Study Population
----------------

A total of 3318 children aged 6 to 35 months were enrolled into the study and 3317 were vaccinated including 1107 children with the study vaccine at 0.25 ml dose (Flu-25), 1106 children with the study vaccine at 0.5 ml dose (Flu-50) and 1104 children with the control vaccine. There were 109 children who did not complete the study (38 in the Flu-25 group, 41 in the Flu-50 group and 30 in the control group). Most were lost to follow-up and there were no withdrawals due to adverse events. Most children (71.1% of the Flu-25 group, 71.3% of the Flu-50 group and 71.6% of the control group) were un-primed (i.e., had not received a two-dose priming of influenza vaccine in any prior year) and so were administered two doses of study vaccine. The percentages of children who had a history of influenza vaccination (at least one dose) within the last three seasons prior to the study were 42.5% (Flu-25), 43.0% (Flu-50) and 42.7% (control). [Figure 1](#F1){ref-type="fig"} shows the trial profile and exclusions from the immunogenicity assessment.

![**Figure 1.** Study flowchart showing number of children enrolled, random allocation into groups and exclusion from analyses. \*ATP, according to protocol; \*\*, one subject was administered the vaccine incorrectly and a second subject experienced an SAE considered by the investigator to be related to vaccination.](hvi-9-1978-g1){#F1}

The demographic profiles of the three vaccine groups for the according to protocol (ATP) cohort for immunogenicity were comparable with respect to mean age, gender and racial distribution ([Table 1](#T1){ref-type="table"}). When stratified by priming status the mean ages were lower for un-primed subjects (19.2 months \[Flu-25\], 19.3 months \[Flu-50\], and 19.2 months \[control\] with minimum age of 6 months) than for primed subjects (25.6 months \[Flu-25\], 25.6 months \[Flu-50\], and 25.7 months \[control\] with minimum age of 12--14 months). The percentages of subjects above 18 months of age were 67% (Flu-25), 65% (Flu-50) and 68% (control) in the three groups.

###### **Table 1.** Baseline characteristics of study participants (according to protocol cohort for immunogenicity)

  Characteristic                              Vaccine Group^a^                               
  ------------------------------------------- ------------------ ------------- ------------- -------------
  N^b^                                        1018               1018          1031          3065
  **Age, months**                                                                             
  Mean ± SD^c^                                21.2 ± 8.03        21.2 ± 8.37   21.1 ± 8.20   21.2 ± 8.20
  Median                                      23.0               24.0          23.0          23.0
  Range                                       6--35              6--35         6--35         6--35
  **Sex, n^d^ (%)**                                                                           
  Male                                        502 (49.3)         474 (46.7)    525 (50.9)    1501 (49.0)
  Female                                      516 (50.7)         542 (53.3)    506 (49.1)    1564 (51.0)
  **Race, n (%)**                                                                             
  African heritage/African American           36 (3.5)           36 (3.5)      34 (3.3)      106 (3.5)
  American Indian or Alaskan native           1 (0.1)            1 (0.1)       1 (0.1)       3 (0.1)
  Asian -- Central/South Asian heritage       1 (0.1)            0 (0.0)       1 (0.1)       2 (0.1)
  Asian -- East Asian heritage                146 (14.3)         149 (14.7)    149 (14.5)    444 (14.5)
  Asian -- Japanese heritage                  2 (0.2)            0 (0.0)       2 (0.2)       4 (0.1)
  Asian -- South East Asian heritage          93 (9.1)           94 (9.3)      94 (9.1)      281 (9.2)
  Native Hawaiian or other Pacific Islander   2 (0.2)            1 (0.1)       3 (0.3)       6 (0.2)
  White -- Arabic/North African heritage      4 (0.4)            4 (0.4)       7 (0.7)       15 (0.5)
  White -- Caucasian/European heritage        309 (30.4)         298 (29.3)    308 (29.9)    915 (29.9)
  Hispanics^e^ and children of mixed race     424 (41.7)         433 (42.6)    432 (41.9)    1289 (42.1)
  **Height (cm)**                                                                             
  Mean ± SD                                   83.3 ± 8.73        83.3 ± 8.94   83.2 ± 9.19   83.3 ± 8.95
  Median                                      85.0               85.0          85.0          85.0
  **Weight (kg)**                                                                             
  Mean ± SD                                   11.7 ± 2.38        11.7 ± 2.51   11.7 ± 2.51   11.7 ± 2.47
  Median                                      11.7               11.5          11.7          11.6

^a^ Flu-25 = *Fluarix™* 0.25 ml dose, Flu-50 = *Fluarix™* 0.5 ml dose, Control = *Fluzone*® 0.25 ml dose; ^b^n = Total number of children; ^c^SD = standard deviation; ^d^n = number of children in a given category; ^e^97% of children in this category were Hispanic.

Immune response
---------------

The outcome of the analysis of the primary objective of non-inferiority is presented in [Table 2](#T2){ref-type="table"} which shows that in terms of hemagglutination-inhibition (HI) Geometric Mean Titer (GMT) ratios and seroconversion rate (SCR) differences, the criteria for non-inferiority of Flu-50 vs. the control were reached for the B/Florida strain, but not for the A/Brisbane (H1N1) or A/Uruguay (H3N2) strains. As indicated in [Table 2](#T2){ref-type="table"} the use of the B/Brisbane strain as antigen in the HI assay confirmed non-inferiority for the B strain. As the criteria for non-inferiority for the first of the sequential objectives were not met for all strains, non-inferiority of Flu-25 vs. the control could not be statistically assessed. An evaluation of interactions potentially confounding the non-inferiority analysis was performed and this showed that, for the A/Brisbane (H1N1) and A/Uruguay (H3N2) strains, there was evidence of an interaction (p-value \< 0.0001) between the pre-vaccination HI titer and vaccine group on the post-vaccination titer and on SCR. Investigations of the interaction suggested that Flu-50 was less immunogenic than the control vaccine in children with low baseline titers, but tended to be as immunogenic as the control in children with higher baseline titers for A/H1N1 and A/H3N2. Although the randomization system ensured that the vaccine groups were balanced, about two-thirds of the population was un-primed by previous vaccination, and this population drove the conclusions of the non-inferiority analysis. The non-inferiority analysis was based on an ANCOVA model which assumed the treatment effect would not depend on pre-vaccination HI titer. Exploratory analyses were hence conducted in a descriptive way to better characterize the immunogenicity in the different subpopulations and are described below.

###### **Table 2.** Non-inferiority of Flu-50 vs. control vaccine for each vaccine strain (according to protocol cohort for immunogenicity)

  Vaccine Strain   Flu-50 vs. control^a^   
  ---------------- ----------------------- ----------------------
  A/Brisbane       1.74 (1.54--1.98)       21.19 (17.82--24.58)
  A/Uruguay        1.72 (1.57--1.89)       16.16 (13.46--18.98)
  B/Florida        1.13 (1.01--1.25)       2.48 (-0.49--5.45)
  B/Brisbane       1.13 (1.02--1.25)       2.25 (-0.55--5.07)

The criteria to demonstrate non-inferiority of Flu-50 vs. the control vaccine were that the upper limit of two-sided 95% confidence interval (CI) of the GMT ratio did not exceed 1.50 and that the upper limit of the two-sided 95% CI for the difference in seroconversion rate (SCR) did not exceed 10%. Flu-50 = *Fluarix™* 0.5 ml dose, Control = *Fluzone*® 0.25 ml dose; Adj. GMT ratio = Adjusted geometric mean titer ratio (geometric mean antibody titer adjusted for baseline titer, Control/Flu-50); SCR rate diff. = SCR difference (SCR Control - SCR Flu-50); 95% CI = 95% confidence interval (lower limit--upper limit) for adjusted GMT ratios (ANCOVA model: adjustment for baseline titer -- pooled variance) and standardized asymptotic 95% CI for SCR difference.

The outcome for all immunogenicity endpoints is detailed in [Table 3](#T3){ref-type="table"}. For all three vaccine groups and all three strains, all US regulatory acceptance criteria (for subjects \< 65 years including pediatric subjects) and all European criteria (for adults aged 18 to 60 years) were met except for the seroprotection rate (SPR) for the A/Brisbane (H1N1) strain in the Flu-25 group (68.7% with a 95% CI lower limit of 65.7%). Flu-50 vaccination induced a higher antibody response as compared with Flu-25 vaccination for all strains as the lower limit of the two-sided 95% confidence interval (CI) of the adjusted GMT ratios (Flu-50/Flu-25) was \> 1 for all three strains: A/Brisbane (H1N1) 1.21 (1.04--1.40), A/Uruguay (H3N2) 1.34(1.20--1.49) and B/Florida 1.40 (1.26--1.56).

###### **Table 3.** Immune response in children aged 6 to 35 mo and 18 to 35 mo (according to protocol cohort for immunogenicity)

                   6--35 mo               18--35 mo                                                                                   
  ---------------- ---------------------- ---------------------- ---------------------- ---------------------- ---------------------- --------------------
  N                1017 (1018\*)          1013 (1016\*)          1030 (1031\*)          658 (660\*)            698 (698\*)            
  **A/Brisbane**                                                                                                                       
  GMT (95% CI)     PRE                    10.4 (9.7--11.1)       10.6 (9.8--11.4)       10.9 (10.1--11.7)      14.2 (12.9--15.8)      14.4 (13.0--15.9)
  POST             106.1 (93.8--120.1)    131.6 (116.3--148.9)   232.4 (214.0--252.3)   293.4 (257.3--334.6)   311.2 (281.5--344)     
  SPR % (95% CI)   PRE                    18.2(15.9--20.7)       18.4 (16.0--20.9)      20.0 (17.6--22.6)      26.6 (23.3--30.1)      27.5 (24.2--31.0)
  POST             68.7(65.7--71.5)       74.2 (71.4--76.9)      95.6 (94.2--96.8)      90.3 (87.8--92.5)      97.3 (95.8--98.4)      
  SCR % (95% CI)   POST                   62.5, (59.5--65.5)     69.0 (66.1--71.8)      90.2 (88.2--91.9)      82.5 (79.4--85.3)      89.3 (86.7--91.5)
  GMFR (95% CI)    POST                   10.2 (9.2--11.4)       12.4 (11.2--13.7)      21.4 (19.9--23.1)      20.5 (18.1--23.2)      21.7 (19.6--23.9)
  **A/Uruguay**                                                                                                                        
  GMT (95% CI)     PRE                    12.1 (11.1--13.2)      11.2 (10.2--12.2)      11.6 (10.7--12.7)      13.4 (12.0--15.0)      13.9 (12.5--15.5)
  POST             125.6 (113.3--139.3)   158.7 (143.9--175.2)   280.3 (260.3--301.9)   280.6 (253--311.2)     342.1 (312.3--374.8)   
  SPR % (95% CI)   PRE                    21.8 (19.3--24.5)      19.1 (16.7--21.6)      20.8 (18.3--23.4)      23.7 (20.5--27.1)      24.8 (21.6--28.2)
  POST             77.4 (74.7--79.9)      83.3 (80.8--85.5)      98.2 (97.1--98.9)      93.5 (91.3--95.2)      98.1 (96.8--99.0)      
  SCR % (95% CI)   POST                   73.5 (70.6--76.1)      79.8 (77.2--82.2)      95.9 (94.5--97.0)      89.2 (86.6--91.5)      95.3 (93.4--96.7)
  GMFR (95% CI)    POST                   10.4 (9.6--11.3)       14.2 (13.1--15.4)      24.1 (22.6--25.7)      20.9 (19.0--23.0)      24.6 (22.6--26.8)
  **B/Florida**                                                                                                                        
  GMT (95% CI)     PRE                    8.4 (7.9--9.0)         8.9 (8.3--9.6)         8.3 (7.7--8.8)         10.1 (9.2--11.0)       9.2 (8.5--10.1)
  POST             113.0 (103.4--123.4)   164.4 (150.2--180.1)   176.4 (162.3--191.7)   223.6 (200.3--249.6)   182.1 (163.4--202.8)   
  SPR % (95% CI)   PRE                    16.8 (14.6--19.3)      17.9 (15.6--20.4)      16.1 (13.9--18.5)      22.5 (19.4--25.9)      20.5 (17.6--23.7)
  POST             85.7 (83.4--87.8)      88.8 (86.7--90.7)      90.7 (88.7--92.4)      93.3 (91.2--95.1)      89.8 (87.3--92.0)      
  SCR % (95% CI)   POST                   79.8 (77.2--82.3)      85.3 (83.0--87.4)      87.8 (85.6--89.7)      90.1 (87.6--92.3)      86.2 (83.5--88.7)
  GMFR (95% CI)    POST                   13.4 (12.4--14.5)      18.4 (17.0--20.0)      21.4 (19.7--23.1)      22.2 (20.2--24.5)      19.7 (17.9--21.8)
  **B/Brisbane**                                                                                                                       
  GMT (95% CI)     PRE                    8.9 (8.2--9.5)         9.5 (8.8--10.2)        8.7 (8.1--9.3)         14.2 (12.9--15.8)      14.4 (13.0--15.9)
                   POST                   131.7 (121.0--143.3)   187.1 (171.5--204.1)   200.9 (185.7--217.4)   293.4 (257.3--334.6)   311.2 (281.5--344)
  SPR % (95% CI)   PRE                    17.8 (15.5--20.3)      20.2 (17.8--22.8)      17.2 (14.9--19.6)      26.6 (23.3--30.1)      27.5 (24.2--31.0)
                   POST                   88.0 (85.9--89.9)      90.6 (88.6--92.3)      92.3 (90.5--93.9)      90.3 (87.8--92.5)      97.3 (95.8--98.4)
  SCR % (95% CI)   POST                   82.6 (80.1--84.9)      87.1 (84.8--89.1)      89.3 (87.3--91.1)      82.5 (79.4--85.3)      89.3 (86.7--91.5)
  GMFR (95% CI)    POST                   14.9 (13.7--16.1)      19.7 (18.2--21.4)      23.1 (21.4--24.9)      20.5 (18.1--23.2)      21.7 (19.6--23.9)

Flu-25, *Fluarix™* 0.25 ml dose; Flu-50, *Fluarix™* 0.5 ml dose; Control, *Fluzone®* 0.25 ml dose; N, Number of children with available pre-vaccination results and the N\* in parenthesis is the number of children with available post-vaccination results; n(%, 95% CI), number (percentage, lower limit--upper limit) of seropositive children; PRE, Pre-vaccination dose 1 (Day 0); POST, Post-vaccination (Day 28 for primed children, Day 56 for un-primed children); GMT, geometric mean titer, SPR, seroprotection rate; SCR, seroconversion rate; GMFR, geometric mean fold rise.

[Table 3](#T3){ref-type="table"} also details a *post hoc* analysis of immunogenicity for the 18 to 35 months age strata for Flu-50 and the control vaccine which indicates that in children in this age range, Flu-50 induced similar responses to the control vaccine. The 95% CI upper limits of the GMT ratio of the control group over the Flu-50 group for the 18 to 35 months age strata were 1.23, 1.33 and 0.98 respectively for the A/Brisbane (H1N1), A/Uruguay (H3N2) and B/Florida strains. The 95% CI upper limits for the difference in SCRs (control minus Flu-50) for the 18 to 35 months age strata were 10.48%, 9.02% and -0.43% respectively for the A/Brisbane (H1N1), A/Uruguay (H3N2) and B/Florida strains.

The analysis of immune response by vaccine priming status is presented in [Table 4](#T4){ref-type="table"}. In all vaccine groups the GMT ratios for A/Brisbane and A/Uruguay strains were higher following one dose in vaccine-primed subjects than following two doses in un-primed subjects. The reverse trend was observed for the B/Florida strain. In un-primed subjects the immune responses to all three strains was higher in the control group than in the Flu-50 group and were lowest in the Flu-25 group while in primed subjects the response was similar for all three groups.

###### **Table 4.** Immune response in primed vs. un-primed children (according to protocol cohort for immunogenicity)

  Vaccine Strain       Unprimed      Primed                                                  
  ---------------- --- ------------- ------------- ------------- ------------- ------------- -------------
  N                    703 (704\*)   711 (713\*)   724 (725\*)   314 (314\*)   302 (303\*)   306 (306\*)

  A/Brisbane                                                                                                                                 
  ------------------- -------- ------------------- ------------------- ---------------------- ---------------------- ---------------------- ----------------------
  GMT (95% CI)        PRE      8.5 (7.8--9.1)      8.7 (8.0--9.4)      8.6 (8.0--9.3)         16.4 (14.3--18.8)      16.9 (14.6--19.5)      18.7 (16.1--21.8)
                      POST\*   61.0 (52.8--70.6)   82.3 (71.0--95.4)   191.3 (174.4--210.0)   366.9 (311.4--432.2)   396.7 (333.9--471.3)   368.2 (314.6--431.0)
  SPR, ( 95% CI)^c^   PRE      13.5 (11.1--16.3)   14.1 (11.6--16.8)   14.4 (11.9--17.1)      28.7 (23.7--34.0)      28.5 (23.5--33.9)      33.3 (28.1--38.9)
                      POST\*   57.5 (53.8--61.2)   64.9 (61.3--68.4)   95.3 (93.5--96.7)      93.6 (90.3--96.1)      96.0 (93.2--97.9)      96.4 (93.7--98.2)
  SCR % (95% CI)      POST     55.2(51.4--58.9)    63.3 (59.6--66.8)   93.1 (91.0--94.8)      79.0 (74.1--83.4)      82.5 (77.7--86.6)      83.3 (78.7--87.3)
  GMFR (95% CI)       POST     7.2 (6.4--8.2)      9.4 (8.4--10.6)     22.2 (20.5--24.1)      22.3 (18.6--26.8)      23.4 (19.3--28.3)      19.7 (16.5--23.5)

  A/Uruguay                                                                                                                                   
  ---------------- -------- -------------------- ---------------------- ---------------------- ---------------------- ---------------------- ----------------------
  GMT (95% CI)     PRE      11.4 (10.2--12.7)    10.8 (9.7--12.0)       11.2 (10.1--12.5)      13.8 (11.8--16.1)      12.1 (11.0--14.6)      12.7 (11.0--14.6)
                   POST\*   89.9 (79.1--102.2)   113.1 (100.4--127.4)   247.7 (226.7--270.7)   266.1 (230.7--306.9)   352.6 (306.9--405.2)   375.8 (330.0--428.0)
  SPR % (95% CI)   PRE      21.3 (18.4--24.6)    19.1 (16.3--22.2)      21.1 (18.2--24.3)      22.9 (18.4--28.0)      18.9 (14.6--23.8)      19.9 (15.6--24.9)
                   POST\*   69.2 (65.6--72.6)    77.7 (74.5--80.7)      98.3 (97.1--99.1)      95.9(93.0--97.8)       96.4 (93.6--98.2)      97.7 (95.3--99.1)
  SCR % (95% CI)   POST     65.4 (61.8--68.9)    74.5 (71.2--77.7)      96.7 (95.1--97.9)      91.4 (87.7--94.3)      92.1 (88.4--94.8)      92.1 (88.4--94.8)
  GMFR (95% CI)    POST     7.9 (7.2--8.6)       10.5 (9.6--11.5)       22.1 (20.6--23.7)      19.3 (16.9--22.1)      29.0 (25.1--33.6)      29.7 (25.8--34.2)

  B/Florida                                                                                                                                  
  ---------------- -------- ---------------------- ---------------------- ---------------------- ------------------- ---------------------- --------------------
  GMT (95% CI)     PRE      8.0 (7.4--8.7)         8.5 (7.8--9.2)         8.2 (7.6--8.9)         9.4 (8.3--10.6)     10.0 (8.8--11.5)       8.4 (7.5--9.3)
                   POST\*   130.2 (117.5--144.2)   182.6 (164.8--202.3)   232.6 (213.9--253.0)   82.2 (69.5--97.2)   128.5 (107.0--154.4)   91.5 (76.5--109.3)
  SPR % (95% CI)   PRE      14.9 (12.4--17.8)      16.2 (13.5--19.1)      15.5 (12.9--18.3)      21.0 (16.6--25.9)   21.9 (17.3--26.9)      17.6 (13.5--22.4)
                   POST\*   87.5 (84.8--89.9)      90.2 (87.8--92.3)      96.3 (94.6--97.5)      81.5 (76.8--85.7)   85.5 (81.0--89.2)      77.5 (72.4--82.0)
  SCR % (95% CI)   POST     83.9 (81.0--86.6)      87.3 (84.7--89.7)      94.8 (92.9--96.3)      70.7 (65.3--75.7)   80.5 (75.5--84.8)      71.2 (65.8--76.2)
  GMFR (95% CI)    POST     16.2 (14.8--17.9)      21.5 (19.5--23.8)      28.3 (26.1--30.8)      8.8 (7.6--10.1)     12.8 (11.1--14.8)      10.9 (9.4--12.8)

Flu-25, *Fluarix™* 0.25 ml dose; Flu-50, *Fluarix™* 0.5 ml dose; Control, *Fluzone*® 0.25 ml dose; N, Number of children with available pre-vaccination results and the N\* in parenthesis is the number of children with available post-vaccination results; n(%, 95% CI), number (percentage, lower limit--upper limit) of seropositive children; PRE, pre-vaccination dose 1 (Day 0); POST, Post-vaccination (Day 28 for primed children, Day 56 for unprimed children); GMT, geometric mean titer; SPR, seroprotection rate; SCR, seroconversion rate; GMFR, geometric mean fold rise.

Safety and reactogenicity
-------------------------

The reactogenicity profiles in terms of the percentages of children reporting any adverse event (solicited or unsolicited) during the study or solicited adverse events within 4 days after each vaccination (Day 0 to Day 3) were similar between the three vaccine groups ([Table 5](#T5){ref-type="table"}). For children who received two doses of vaccine; the second dose was not more reactogenic than the first (data not shown).

###### **Table 5.** Adverse Events (Total vaccinated cohort)

                                 Vaccine Group                                     
  ------------------------------ ------------------------ ------------------------ ------------------------
  N                              1081                     1086                     1090
  **Any**                        724 (67.0, 64.1--69.8)   729 (67.1, 64.2--69.9)   722 (66.2, 63.3--69.0)
  Grade 3                        68 (6.3, 4.9--7.9)       72 (6.6, 5.2--8.3)       66 (6.1, 4.7--7.6)
  **Any injection site**         492 (45.5, 42.5--48.5)   514 (47.3, 44.3--50.3)   467 (42.8, 39.9--45.8)
  Grade 3                        20 (1.9, 1.1--2.8)       17 (1.6, 0.9--2.5)       12 (1.1, 0.6--1.9)
  **Any General**                598 (55.4, 52.3--58.4)   575 (52.9, 49.9--55.9)   592 (54.3, 51.3--57.3)
  Grade 3                        50 (4.6, 3.5--6.1)       59 (5.4, 4.2--7.0)       57 (5.2, 4.0--6.7)
  **Solicited injection site**                                                      
  Pain                           403 (37.3, 34.4--40.2)   406 (37.4, 34.5--40.3)   363 (33.3, 30.5--36.2)
  Grade 2/3                      89 (8.2, 6.7--10.0)      89 (8.2, 6.6--10.0)      87 (8.0, 6.4--9.8)
  Grade 3                        18 (1.7, 1.0--2.6)       15 (1.4, 0.8--2.3)       12 (1.1, 0.6--1.9)
  Redness                        259 (24.0, 21.4--26.6)   249 (22.9, 20.5--25.5)   253 (23.2, 20.7--25.8)
  \> 20 mm                       5 (0.5, 0.2--1.1)        10 (0.9, 0.4--1.7)       5 (0.5, 0.1--1.1)
  \> 50 mm                       2 (0.2, 0.0--0.7)        1 (0.1, 0--0.5)          0 (0, 0--0.3)
  Swelling                       152 (14.1, 12.0--16.3)   170 (15.7, 13.5--18.0)   129 (11.8, 10.0--13.9)
  \> 20 mm                       5 (0.5, 0.2--1.1)        13 (1.2, 0.6--2.0)       4 (0.4, 0.1--0.9)
  \> 50 mm                       0 (0, 0--0.3)            1 (0.1, 0--0.5)          0 (0, 0--0.3)
  **Solicited General**                                                             
  Drowsiness                     293 (27.1, 24.5--29.9)   317 (29.2, 26.5--32.0)   298 (27.3, 24.7--30.1)
  Grade 3                        10 (0.9, 0.4--1.7)       15 (1.4, 0.8--2.3)       11(1.0, 0.5--1.8)
  Irritability                   386 (35.7, 32.9--38.7)   387 (35.6, 32.8--38.6)   375 (34.4, 31.6--37.3)
  Grade 3                        12 (1.1, 0.6--1.9)       17 (1.6, 0.9--2.5)       20 (1.8, 1.1--2.8)
  Loss of appetite               281 (26.0, 23.4--28.7)   273 (25.1, 22.6--27.8)   270 (24.8, 22.2--27.4)
  Grade 3                        13 (1.2, 0.6--2.0)       16 (1.5, 0.8--2.4)       22 (2.0, 1.3--3.0)
  Fever                          67 (6.2, 4.8--7.8)       69 (6.4, 5.0--8.0)       72 (6.6, 5.2--8.2)
  \> 39.0°                       13 (1.2, 0.6--2.0)       22 (2.01.3--3.1)         22 (2.0, 1.3--3.0)

Flu-25, *Fluarix™* 0.25 ml dose; Flu-50, *Fluarix™* 0.5 ml dose; control, *Fluzone*® 0.25 ml dose; n (%, 95%CI), number (percentage, lower limit--upper limit) of children with adverse event; N, number of children with available results for adverse events. Grade 1, "no effect on normal activity" ("minor reaction to touch" for injection site pain); Grade 2, "interferes with normal activity" ("cries/protests on touch" for injection site pain); Grade 3, "prevents normal activity" ("cries when limb moved/spontaneously painful" for injection site pain and "not eating at all" for loss of appetite).

Injection site pain was the most frequently reported solicited local adverse event across vaccine groups (37.3% Flu-25; 37.4% Flu-50; 33.3% control). Grade 3 injection site pain and redness/swelling \> 50mm were infrequently reported. Most injection site adverse events occurred for no longer than two days. Irritability was the most frequently reported solicited adverse event across the three vaccine groups (35.7% Flu-25; 35.6% Flu-50; 34.4% control). Most general adverse events were considered as related to vaccination by the investigators but lasted no longer than two days. Grade 3 solicited general adverse events were infrequently reported in all vaccine groups. The rates of increased temperature were relatively low in all three vaccine groups for all (≥ 37.5°C) fever (6.2% Flu-25; 6.4% Flu-50; 6.6% control), and fever ≥ 38.5°C (2.6% Flu-25; 3.4% Flu-50; 3.6% control), and Grade 3 fever (\> 39°C) was infrequent in all vaccine groups (1.2% Flu-25; 2.0% Flu-50; 2.0% control).

The percentage of children who experienced at least one unsolicited adverse event was similar between the vaccine groups (51.0% Flu-25; 48.9% Flu-50; 50.9% control). Few events were considered as related to vaccination (4.3% Flu-25; 4.0% Flu-50; 3.9% control) and Grade 3 events were infrequent (5.0% Flu-25; 4.2% Flu-50; 3.6% control). There was one report of a febrile seizure occurring on day 6 following a first dose of Flu-50, this event was not considered to be related to the study vaccination by the investigator and had resolved within 2 d.

Overall, 95 children (35 children Flu-25; 29 children Flu-50; 31 children control) experienced 133 serious adverse events (SAEs). All events resolved. One subject had two SAEs which were considered by the investigator to be possibly related to vaccination. An 8- months old female concomitantly experienced apnea and cyanosis 17 day after the second vaccination with Flu-50. The subject was hospitalized and the events resolved on the same day as they occurred. Monitoring of rare events in children who received Flu-50 or Flu-25 identified four events with an incidence above 1/300 (0.3%). These were bronchiolitis (0.4% for Flu-25), gastroenteritis (0.5% for Flu-25 and 0.4% for Flu-50), pneumonia (0.4% for both Flu-25 and Flu-50), and upper respiratory tract infection (0.6% for Flu-25 group and 0.4% for Flu-50). New onset chronic illnesses were reported for 10 children in the Flu-25 group, 8 children in the Flu-50 group and 9 children in the control group. The most frequently reported new onset chronic illness was asthma (9 children overall), followed by anemia and allergic rhinitis (reported overall for 4 subjects each). No children were withdrawn from the study due to adverse events.

Discussion
==========

The TIV study vaccine was immunogenic and well tolerated at a 0.5 ml dose (Flu-50) and 0.25 ml dose (Flu-25). The TIV vaccine at a dose of 0.5 ml induced an immune response which fulfilled all US regulatory criteria for immunogenicity in children aged 6--35 months. However, the immunogenic non-inferiority of Flu-50 (and therefore Flu-25) vs. the control vaccine was not demonstrated in children aged 6--35 months against the two vaccine influenza A strains.

The failure to show the non-inferiority of Flu-50 (*Fluarix^TM^*; 0.5 ml) and the control vaccine (*Fluzone*^®^; 0.25 ml) appeared to have been attributed to differences in immunogenicity in children aged less than 18 months and vaccine un-primed children, as responses were similar for Flu-50 and the control vaccine in children aged 18--35 months and in primed children (who also tended to be in the older range). So although doubling the dose of the study TIV vaccine to 0.5 ml improved immunogenicity it was not sufficient to eliminate the difference relative to the control TIV in children aged below 18 months. These results suggest that there is a difference between the study vaccine and the control vaccine which influences the HI immune response only in younger influenza vaccine-naïve children with limited immunologic priming from prior infection or vaccination. This is consistent with a previous study which failed to show the non-inferiority of *Fluarix^TM^* vs. *Fluzone*^®^ in children 6 months to \< 5 years, which was driven by the difference in immunogenicity between the vaccine groups in children aged \<3 years.[@R17]

Although TIVs produced by similar egg-based processes are generally considered to provide similar immunogenicity, it has been suggested that small differences in the production and purification processes between the vaccines may underlie the differences in immunogenicity. The manufacture of both TIVs in our study is based on disruption of influenza virus particles (splitting) and purification but variations in the manufacturing process may result in differences with respect to the degree of virus splitting and inclusion of virus or host cell components. Whereas the hemagglutinin surface glycoprotein provides the main antigenic stimulus, the presence of other viral components in the vaccine, such as internal proteins or RNA, could potentiate the priming of naïve immune cells. This is suggested by studies performed about 30 years ago with more highly purified subunit influenza vaccines which showed that addition of whole virus enhanced responses to subunit vaccines in children and un-primed young adults whereas addition of whole virus provided no additional benefit for primed subjects.[@R19]^-^[@R22]

TIVs are reported to have modest efficacy in older children, and in a Cochrane review of influenza vaccines in children including studies published up to 2004, in the limited number of studies in children \< 2 years, efficacy was reported to be no better than placebo.[@R23] Poor immunogenicity of TIVs in vaccine un-primed children with limited exposure to natural viruses is thought to underlie the limited efficacy in children \< 2 years, and therefore, two doses of vaccine given about a month apart is recommended in the US for first time vaccination to provide adequate antibody responses.[@R6] However, given the burden of influenza-disease in young children, various studies have evaluated whether 0.25 ml per injection is appropriate or whether this should be increased to 0.5 ml. Most recently, studies have reported that increasing the 'pediatric' half-dose (0.25 ml) to the 'adult' full-dose (0.5 ml) may improve antibody responses in children aged 6--35 mo. In one randomized controlled study of TIV (*Flulaval™*) in children 6--35 months, seroprotection rates in the full-dose group were 63.6--92.4%, and in the half-dose group were 53.4--84.7%, yet despite a modest increase in immune responses with the full- vs. half-dose, the GMTs were not significantly different.[@R24] Another study, which assessed full- and half-doses of TIV (*Vaxigrip^®^*, Sanofi-Pasteur), showed that although the seroprotection rate was 10% higher in the full- vs. half-dose group in children aged 6--11 months, and was superior for the A/H3N2 and B strain, superiority between the different dose groups was not shown in the overall population of children aged 6--23 months.[@R14] In a further study, Esposito et al. (2012) hypothesized that the logistical difficulty of administering two 0.25 ml doses in un-primed children may result in poor compliance and reduced immunogenicity, and as such, evaluated two 0.25 ml doses vs. one 0.5 ml dose of virosomal subunit influenza vaccine (*Inflexal^®^* V, Crucell). The results showed that in children aged 6--35 months, a single full-dose provided immunogenicity which fulfilled EU and US regulatory criteria for immunogenicity, with antibody responses similar to those observed with two half-doses.[@R25]

Our study now provides further insights into the immunogenicity of TIVs according to dosage, age range, and vaccine-priming status in very young children. In the population overall who received Flu-50 or Flu-25, GMTs with the full-dose were significantly better than with the half-dose for all vaccine strains. However, consistent with previous reports, the immunogenicity of Flu-50 was lower in the overall population aged 6--35 months than in the older stratum aged 18--35 months against influenza A strains (seroprotection rates: 74.2--83.3% and 90.3--93.5%, respectively), but not against the vaccine B strain (90.6% and 90.3%, respectively). Nevertheless, apart from SPRs against A/H1N1 in the Flu-25 group overall, all US licensure criteria were fulfilled in both study vaccine groups in the overall population and in the older age stratum.

From our results it is not possible to draw conclusion about which dose is optimum as although antibody responses were clearly higher for the full-dose group, both doses provided immunogenicity considered 'protective' according to regulatory criteria. However, it should be noted that there is on-going debate about the validity of current HI immune response thresholds as correlates of protection, and furthermore, HI surrogates are based on studies in adults and there are no accepted correlates specific for children.[@R26]^-^[@R29] Indeed, a study conducted by Black et al. (2011), showed that the titer for seroprotection (1:40) that is generally recognized as corresponding to a 50% reduction in the risk of influenza in adults, was insufficient to achieve this level of protection in children aged \< 6 years.[@R30] In children aged 6--72 months, a cut-off of 1:110 was proposed as predicting a 50% protection rate, and 1:330 predicted a 80% protective level, which may be a more appropriate threshold given the vulnerability of very young children to serious influenza-related complications.[@R30]

Regarding the optimum dose in un-primed children, we observed better antibody responses for the Flu-50 vs. the Flu-25 group (seroprotection rates: 64.9--90.2% and 57.5--87.5%, respectively). However, in both study vaccine groups in un-primed children, all licensure criteria were fulfilled apart from SPRs against A/H1N1. An observation of note was that whereas the antibody response was higher for the influenza A strains following one dose of vaccine in primed children than following two doses in un-primed children, the reverse trend was observed for the B strain in all three vaccine groups. This is most likely due to the existence of two distinct lineages of circulating B viruses only one of which is selected annually for inclusion in the trivalent vaccine. The B/Florida/4/2006-like vaccine B strain for the Northern Hemisphere in the 2008--2009 influenza season belonged to the B/Yamagata lineage whereas the vaccine B strains for the preceding two influenza seasons belonged to the unrelated B/Victoria lineage. This means that any of the children participating in the study who were vaccinated in the previous two years were not primed for the B/Yamagata lineage. Quadrivalent influenza vaccines containing B strains from both lineages have recently been approved so this should address the absence of priming for one specific influenza B strain when there is a mismatch between the vaccine and the circulating strains.[@R31]^-^[@R34]

As previously observed in children reactogenicity and safety endpoints were within the same range for the study and control vaccines.[@R17] Furthermore the reactogenicity and safety profile of the study vaccine did not appear to be affected by doubling the dose. Other studies have also shown that TIV at double the standard dose was also well tolerated in that pediatric population,[@R10]^,^[@R24]and another study with a virosomal-adjuvanted influenza vaccine in children aged \< 3 years also found that the vaccine dose could be doubled without any increase in the incidence of local or systemic adverse events.[@R25] However, there has been concern about an increased frequency of febrile reactions in young children in Australia, but this was only observed with the 2010 Southern Hemisphere vaccine.[@R6] There was however another report from surveillance for US-licensed influenza vaccines during the 2010--2011 season which subsequently detected safety signals for febrile seizures in young children after TIV administration. Further assessment determined that the increased risk was in children aged 6 months to 4 years on the day of vaccination to the day after (the 0--1 day risk window). The risk was higher when children received concomitant PCV13 (i.e., when the two vaccines are administered at the same health-care visit) and peaked at approximately 16 months of age. The magnitude of the increased risk for febrile seizures in young children in the US (\< 1 per 1000 children vaccinated) was substantially lower than the risk observed in Australia in 2010. Surveillance data on febrile seizures in young children after administration of the influenza vaccine for the 2011--2012 influenza season (same vaccine formulation as 2010--2011) were consistent with those from the 2010--2011 influenza season (CDC, unpublished data, 2012). In the current study population of over 3000 children there was one single report of a febrile seizure which occurred 6 days after vaccination and was not considered to be vaccine-related.

One limitation of the study was that the non-inferiority analysis was confounded by an interaction between the pre-vaccination HI titer and vaccine group and the immune response. Investigations of the interaction suggested that Flu-50 was less immunogenic than the control vaccine in children with low baseline titers, but tended to be as immunogenic as the control in children with higher baseline titers for A/H1N1 and A/H3N2. Although the randomization system ensured that the vaccine groups were balanced, about two-thirds of the population was un-primed by previous vaccination, and this population drove the conclusions of the non-inferiority analysis. A higher proportion of vaccine-primed children might have therefore influenced the outcome of the analysis. A further limitation was the choice of control vaccine. *Fluzone^®^* was selected as it is the only TIV licensed for children aged 6--35 months in the US, and it was administered at the recommended dose in this age group (0.25 ml) in the US.[@R6] However, the inclusion of a control vaccine group at the higher dose (0.5 ml) would have enabled a better evaluation of the effect of dose on immune responses. Finally, the study did not have sufficient statistical power to evaluate immune responses according to age strata or by previous vaccination history, both of which are known to influence immunogenicity.

In conclusion, the study TIV vaccine at a dose of 0.5 ml induced an immune response which satisfied all US regulatory criteria for immunogenicity in children aged 6--35 months. However the antibody response was lower than the control vaccine and this appeared to be mainly due to differences in immunogenicity in children aged below 18 months. There was no evidence that doubling the dose of the study vaccine had any impact on the reactogenicity and safety profile.

Materials and Methods
=====================

Study Design and Participants
-----------------------------

This was a randomized, observer blind study conducted in the US, Hong Kong, Mexico, Thailand and Taiwan between October 2008 and March 2009. The protocol, its amendments and other relevant study documentation were approved by the appropriate Ethics Committees and the study was conducted in accordance with good clinical practice guidelines, the Declaration of Helsinki and all applicable regulatory requirements. Eligible participants were children aged 6--35 months at the time of first vaccination, without acute illness at the time of enrollment and who had not been vaccinated during the 2008--2009 influenza season. Administration of influenza vaccine in a previous season was not however an exclusion criteria. Informed consent was obtained from each child's parent/guardian at study entry.

The primary objective of the study was to demonstrate the immunogenic non-inferiority of the study trivalent inactivated split virion influenza vaccine at 0.5 ml dose (Flu-50) or 0.25 ml dose (Flu-25) vs. the control trivalent inactivated split virion influenza vaccine at a dose of 0.25 ml (control). Secondary objectives were comparison of the immunogenicity of Flu-50 to Flu-25 and to the control, comparison of safety/reactogenicity in children vaccinated with Flu-50 to Flu-25 or the control and documentation of rare events, in children administered with Flu-25 or Flu-50.

Randomization into the three study groups (ratio 1:1:1) was performed by the sponsor. At the time of vaccination, the responsible on-site personnel accessed the internet randomization system that used a minimisation procedure accounting for center, age and prior influenza vaccination. Minimization factors had equal weight in the minimization algorithm. As the appearance of the vaccines was different, the study was observer-blind with vaccinations performed by specific study personnel not involved in the assessment of immunogenicity or safety/reactogenicity.

Vaccines and vaccinations
-------------------------

The study vaccines (*Fluarix™* (thiomersal free) from GlaxoSmithKline, Dresden, Germany) contained hemagglutinin (HA) from the three influenza strains A/Brisbane/59/2007 (H1N1), A/Uruguay/716/2007 (H3N2) and B/Brisbane/3/2007 (15µg HA per strain for Flu-50, 7.5µg HA per strain for Flu-25). The control vaccine (*Fluzone^®^* from Sanofi-Pasteur --Swiftwater, PA, USA) contained HA from the three strains (A/Brisbane/59/2007 (H1N1), A/Uruguay/716/2007 (H3N2) and B/Florida/4/2006 (7.5µg HA per strain). The two different B strains in the study and control vaccines were both recommended by the WHO for the Northern Hemisphere 2008--2009 influenza season as B/Florida/4/2006-like strains.

Both vaccines were administered by intramuscular injection into the right deltoid muscle or anterolateral thigh at study entry (Day 0) and a second dose (Day 28) for unprimed children only.

Serological assessments
-----------------------

Blood samples were collected on Day 0 (pre-vaccination) and either Day 28 (post-vaccination 1; for primed children) or Day 56 (post-vaccination 2; for unprimed children). Sera were analyzed in a validated micro-titer hemagglutination-inhibition (HI) assay as described previously with the virus strains present in the two vaccines used as antigens.[@R35] The serum titer was expressed as the reciprocal of the highest dilution that showed complete inhibition of hemagglutination.

Assessment of safety and reactogenicity
---------------------------------------

Parents/guardians were provided with diary cards to record the occurrence and intensity of injection site solicited adverse events (pain, redness and swelling) and general adverse events (drowsiness, irritability, loss of appetite and fever) experienced during the first 4 days after vaccination. In addition to solicited events, data were also collected on the occurrence and intensity of any unsolicited adverse events that occurred within 28 days after each vaccination. The diameters of any injection site redness and swelling, and daily body temperature were recorded. The intensities of other adverse events were recorded according to a standard three grade scale: An assessment of causality was made by the investigator for solicited general and unsolicited adverse events. Data on SAEs and new onset of chronic illnesses were collected during the entire study period.

Statistical analysis
--------------------

The immunological endpoints (with 95% CI) at each time point were the standard HI test endpoints of GMT, SCR, SPR, GMFR defined according to regulatory criteria used for evaluation of influenza vaccines by the US Center for Biologics Evaluation and Control and the European Medicines Agency.[@R36]

The study criteria to demonstrate non-inferiority of Flu-50 or Flu-25 vs. the control vaccine (sequential primary objectives) were to show that at Day 28 (for primed subjects) or Day 56 (for un-primed subjects) the upper limit of the two-sided 95% CI of the GMT ratio (control / Flu-50 or Flu-25) did not exceed 1.50, as well as to show that the upper limit of the two-sided 95% CI for the difference (control minus Flu-50 or Flu-25) in SCRs did not exceed 10% for each vaccine strain. The reference values to calculate the sample size to reach these two criteria of non-inferiority were taken from the 6--35 months old age stratum in a previous study comparing Flu-25 and the control vaccine.[@R17] It was calculated that 779 evaluable subjects per group would give 90% global power to show non-inferiority in terms of GMT ratios and SCR for all three vaccine strains.

The adjusted GMT ratio of HI antibodies at post-vaccination for each vaccine, the GMT ratio and the two-sided 95% CI on each GMT ratio was computed after fitting an ANCOVA model on the logarithm10 transformation of the reciprocals of the titers, including the vaccine group as fixed effect and the pre-vaccination titer as covariate. The SCR of each vaccine, the difference in SCRs and the two-sided 95% CI of the SCR differences was computed after fitting a logistic regression on the seroconversion response, including the vaccine group as fixed effect and the pre-vaccination titer as covariate. Both ANCOVA and logistic regression models assume that the treatment effect does not depend on the pre-vaccination serological level. This assumption was checked and additional analyses were to be performed in case of evidence of interaction. Hence, exploratory analyses of the immune response by priming status (planned) and by age (post hoc) were performed.

The safety endpoints (percentage of subjects and 95% CI) were solicited injection site and general and unsolicited adverse events. All SAEs, rare events (defined as SAEs with an occurrence rate above 1/300) and cases of new onset of chronic illnesses occurring during the entire 6 months study period were described.
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ATP

:   according to protocol

A/Brisbane (H1N1)

:   A/Brisbane/59/2007 (H1N1)

A/Uruguay (H3N2)

:   A/Uruguay/716/2007 (H3N2)

B/Brisbane

:   B/Brisbane/3/2007

B/Florida

:   B/Florida/4/2006

CI

:   confidence interval

GMT

:   geometric mean titer

HA

:   hemagglutinin

HI

:   hemagglutination inhibition

SAEs

:   serious adverse events

SCR

:   seroconversion rate

GMFR

:   geometric mean fold rise (also known as Seroconversion Factor)

SPR

:   seroprotection rate

TIV

:   trivalent inactivated influenza vaccine
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